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(57) ABSTRACT

A mode-locked laser includes a two-electrode semiconductor
laser (3) including a saturable absorber section (31) and gain
section (32), and an optical waveguide (4) formed outside the
gain section (32) of the two-electrode semiconductor laser.
The optical waveguide (4) includes a ring resonator (43)
having a resonator length which 1s an integral fraction of the
total resonator length of the mode-locked laser, another ring
resonator (44) having bandpass filter characteristics whose
bandwidth 1s narrower than a gain bandwidth, and a retlective
surface (46) which retflects, toward the two-electrode semi-
conductor laser (3), a laser beam having arrived from the
two-electrode semiconductor laser (3) via the first and second
ring resonators.

9 Claims, 7 Drawing Sheets
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1
MODE-LOCKED LASER

This application i1s the National Phase of PCT/JP2008/
069444, filed on Oct. 27, 2008, which 1s based upon and
claims the benefit of priority from Japanese Patent Applica-

tion No. 277439/2007, filed on Oct. 25, 2007.

TECHNICAL FIELD

The present invention relates to a semiconductor laser and,
more particularly, to a mode-locked semiconductor laser
technique of generating an optical pulse train having a high
repetition frequency.

BACKGROUND ART

Recently, optical communication represented by, e.g., an
inter-city network or intercontinental/intracontinental back-
bone network or an optical interconnection applied to, e.g., a
server/router requires an optical pulse train having a high
repetition frequency as the communication speed or the
capacity increases. An example of an apparatus for generating
this optical pulse train 1s an apparatus using a fiber ring
mode-locked laser or mode-locked semiconductor laser.

In a conventionally proposed fiber ring mode-locked laser,
a filter region having a ring resonator or two optical
waveguide grating routers 1s formed 1nside or outside a fiber
ring, and a desired high-order longitudinal mode 1s selec-
tively transmitted (see, e.g., Japanese Patent Laid-Open No.
11-298072, pp. 3-6, FIGS. 2, 3, 10, and 11).

Also, 1n a conventionally proposed optical clock pulse train
generator based on a mode-locked semiconductor laser, an
external cavity arrangement includes a semiconductor laser
clement, a reflecting mirror optically coupled with the semi-
conductor laser via a collimating lens, and a wavelength
selecting element and an etalon formed between the semicon-
ductor laser element and retlecting mirror, the facet of the
semiconductor laser element and the reflecting mirror form a
main resonator, the etalon functions as a sub resonator having,
a resonator length that 1s an integral fraction of that of the
main resonator, and a round-trip frequency that 1s an integral
multiple of that of an optical clock pulse train determined by
the main resonator 1s generated (see, e.g., Japanese Patent

Laid-Open No. 2003-31897, pp. 3-6, FIGS. 1 to 3).

DISCLOSURE OF INVENTION

Problems to be Solved by the Invention

Unfortunately, the conventional techniques as described
above have the problem that they cannot implement a mode-
locked laser superior 1n size, cost, or yield.

For example, the technique disclosed 1n Japanese Patent
Laid-Open No. 11-298072 uses the fiber resonator configu-
ration, and this increases the number of parts, the size, and the
cost. Also, a bulk element 1s used as the wavelength selecting
clement. More specifically, the central wavelength (optical
frequency) 1s controlled by the gain bandwidth of a rare earth
clement (erbium FEr for a 1.5-um band, prasecodymium Pr or
neodymium Nd for a 1.3-um band, or thulum Tm for a
1.4-um band or 1.6-um band) of a rare earth doped fiber as an
amplification medium. Therefore, no precise central wave-
length control can be performed.

On the other hand, the technique disclosed 1n Japanese
Patent Laid-Open No. 2003-31897 uses the resonator con-
figuration based on a spatial coupling, and this increases the
s1ze, the number of parts, and the packaging assembly cost.
Also, a distributed Bragg reflector integrated in the semicon-
ductor laser element 1s used as the wavelength selecting ele-
ment. Since the distributed Bragg retlector has a complicated
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structure and requires microprocessing, problems arise 1n
yield and cost. In addition, when an etalon 1s used as the sub
resonator and a dispersion element such as a prism or diffrac-
tion grating or a bulk element such as a dielectric multilayered
f1lm filter 1s used as the wavelength selecting element, a lens
for collimation 1s necessary, the number of parts increases,
and a mechanical scheme 1s also required. This often
increases the size and cost.

The present invention has been made to solve these prob-
lems, and has as 1ts exemplary object to provide a small-sized,
low-cost, mode-locked laser for generating a high-quality
optical clock pulse train at a high repetition frequency. It 1s
another exemplary object of the present invention to provide
a mode-locked laser capable of adjustment 1f a wavelength
selecting function and repetition frequency multiplying func-
tion deviate from the design.

Means for Solving the Problems

To achieve the above exemplary objects, a mode-locked
laser according to the present invention includes a two-elec-
trode semiconductor laser including a saturable absorber sec-
tion and a gain section, and a resonator optical waveguide
formed outside the gain section of the two-electrode semi-
conductor laser, wherein the resonator optical waveguide
includes a first ring resonator and a second ring resonator
connected 1n series with the two-electrode semiconductor
laser, and a reflective surface which reflects, toward the two-
clectrode semiconductor laser, a laser beam having arrived
from the two-electrode semiconductor laser via the first ring
resonator and the second ring resonator, the first ring resona-
tor has a resonator length which 1s an integral fraction of a
total resonator length of the mode-locked laser, and the sec-
ond ring resonator has bandpass filter characteristics whose

bandwidth 1s narrower than a gain bandwidth of the two-
electrode semiconductor laser.

Eftects of the Invention

The present invention can decrease the length of the gain
section of the two-electrode semiconductor laser, and sup-
press the timing jitter and the relative itensity noise (RIN).
The present mvention can also multiply the repetition fre-
quency of an optical pulse train by a desired integral value by
selecting the integral ratio of the length of the ring resonator
to the external cavity length, thereby readily adjusting the
setting of a high repetition frequency. In addition, these func-
tions can be achieved by combining the two-electrode semi-
conductor laser and the external cavity including the optical
waveguide formable by the known semiconductor manufac-
turing technique. This makes 1t possible to provide a small-
s1zed, low-cost, mode-locked laser. Especially when using an
S10N optical waveguide or Si-wire optical waveguide 1n
which the core and cladding have a high refractive index
difference, 1t 1s possible to decrease the bending loss and
turther downsize the laser.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a plan view showing the arrangement of a mode-
locked laser according to the first exemplary embodiment of
the present invention;

FIG. 2 1s a sectional view taken along a line II-11 1n FIG. 1;

FIG. 3 1s a graph showing the optical spectrum of the
optical output from the mode-locked laser;

FI1G. 4 1s a graph showing an optical pulse train output from
the mode-locked laser (without a second ring resonator);

FIG. 515 a graph showing an optical pulse train output from
the mode-locked laser (with a second ring resonator);
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FIG. 6 1s a graph showing the relationship when the product
of the time and bandwidth 1s constant;

FI1G. 7 1s a plan view showing the arrangement of a mode-
locked laser according to the second exemplary embodiment
of the present invention;

FIG. 8 1s a plan view showing the arrangement of a mode-
locked laser according to the third exemplary embodiment of
the present invention;

FI1G. 9 1s a graph showing the light transmitting character-
istic of a first ring resonator;

FIG. 10 1s a graph showing the light transmaitting charac-
teristic of a third ring resonator; and

FIG. 11 1s a graph showing the optical spectrum of the
optical output from the mode-locked laser according to the
third exemplary embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

Exemplary embodiments of the present invention will be
explained below with reference to the accompanying draw-
ngs.

Embodiment

First Exemplary

First, a mode-locked laser according to the first exemplary
embodiment of the present invention will be explained below
with reference to FIGS. 1 and 2.

This mode-locked laser mainly includes a substrate 2, an
insulating layer 21 formed on the substrate 2, and a two-
clectrode semiconductor laser 3 and optical waveguide 4 (a
resonator optical waveguide) formed on the mnsulating layer
21, and 1s formed by the known semiconductor manufactur-
ing technique.

The two-electrode semiconductor laser 3 includes an active
layer 34 1n which a saturable absorber section 31 and gain

section 32 are formed, a first cladding layer (n-type) 35A
formed above the active layer 34, a backside electrode (n-side
clectrode) 33 formed on the upper surface of the first cladding
layer 35A, a second cladding layer (p-type) 35B formed
below the active layer 34, electrodes 31A and 32A (p-side
clectrodes) formed on the lower surface of the second clad-
ding layer 35B, and an antireflection coating (AR coating) 36
tormed on the outer side surface of the active layer 34 on the
side of the gain section 32.

To separately form the electrodes 31 A and 32A, the two-
clectrode semiconductor laser 3 1s generally formed as an
independent chip in order from the side of the backside elec-
trode 33, and mounted on the substrate 2 after being turned
over. Also, the substrate 2 has a ground electrode 33 1n a
position juxtaposed with the two-electrode semiconductor
laser 3. The ground electrode 53 1s electrically connected to
the backside electrode 33 via a jumper.

An electrode 51A 1s formed on the insulating layer 21 so as
to face the electrode 31A, and electrically connected to the
clectrode 31A via bumps 31B. The negative electrode of a
constant-voltage source (not shown) 1s connected to the elec-
trode 51A, and a reverse bias voltage 1s applied to the elec-
trode 31A wvia the electrode 51 A and bumps 51B, thereby
forming the saturable absorber section 31.

Also, an electrode 52 A 1s formed on the mnsulating layer 21
so as to face the electrode 32A, and electrically connected to
the electrode 32A via bumps 52B. The positive electrode of a
constant-current source (not shown) 1s connected to the elec-
trode 52 A, and a constant current 1s injected into the electrode
32 A via the electrode 52A and bumps 52B, thereby forming
the gain section 32. Note that the opposite polarity type of the
semiconductor laser may also be used.
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The antireflection coating 36 has a function of suppressing
unnecessary retlection against a laser beam going and return-
ing through the two-electrode semiconductor laser 3 and opti-
cal waveguide 4.

A reflective surface 37 on the opposite side of the two-
clectrode semiconductor laser 3 has a reflectance of about
30% for cleavage based on the crystal structure. However, a
high-reflection coating (HR coating) may also be formed.

The optical waveguide 4 1s formed by stacking a cladding
layer 41 and a core layer consisting of core 42, ring resonator
43, core 47, ring resonator 44, and core 435 on the substrate 2,
and reaches the facet from the side of the two-electrode semi-
conductor laser 3 via the core 42, ring resonators 43 and 44,
and core 45. A reflective surface 46 made of an HR coating 1s
formed on the facet. The ring resonator 43 has a function of
determining the pulse period of a desired optical pulse train
10. The rnng resonator 44 has a function of determining the
central frequency and the bandwidth, (1.e., the pulse width),
of the spectral band of the optical pulse train 10.

Each of the ring resonators 43 and 44 includes a general
ring optical waveguide. On the outer circumierence of this
ring optical waveguide, linear input/output waveguides are
arranged 1n positions opposite to each other around the center
of the ring optical waveguide so as to form slight gaps with the
ring optical waveguide, thereby forming a directional cou-
pler. It 1s also possible to form a 2x2 multimode interferom-
cter by a multimode waveguide wider than the width of the
two waveguides instead of the directional couplers. In this
exemplary embodiment, one mput/output waveguide of the
ring resonator 43 and one iput/output waveguide of the ring
resonator 44 are connected 1n series by the core 47. The other
input/output waveguide of the ring resonator 43 1s connected
to the two-electrode semiconductor laser 3 by the core 42. The
other input/output waveguide of the ring resonator 44 1s con-
nected to the reflective surface 46 by the core 45.

Accordingly, the resonator of the whole of a mode-locked
laser 1 includes the reflective surface 37 of the two-electrode
semiconductor laser 3, the reflective surface 46 of the optical
waveguide 4, and the active layer 34 of the two-electrode
semiconductor laser 3 and the core 41, ring resonator 43, core
4’7, ring resonator 44, and core 45 of the optical waveguide 4
that connect the retlective surfaces 37 and 46.

Letting Lt (Lt 1s the optical length) be the resonator length
(total resonator length) of the whole of the mode-locked laser
1 and nefl be the effective refractive index of the wavegmde
a round-trip length Lrl of the ring resonator 43, which 1s
equivalent to the actual waveguide length 1s represented by

(1)

On the other hand, a round-trip length Lr2 of the ring
resonator 44 1s at least 14 or less, and desirably, V10 or less the
round-trip length Lrl of the ring resonator 43. Letting ndeif
be the effective refractive index of the two-electrode semi-
conductor laser 3, L.d be the physical length of the two-
clectrode semleenducter laser 3, ngefl be the effective refrac-
tive 1ndex of the gap between the two-electrode
semiconductor laser 3 and optical waveguide 4, Lg be the
physical length of the gap, Lc¢ be the total length of the
input/output waveguides of the ring resonators connected to
the cores 42, 47, and 45, and Lr2 be the round-trip length of
the ring resonator 44, the resonator length Lt 1s represented by

nefl-Lrl =Lt/m (m 1s a positive integer)

(2)

1 2
Lt = ndeff - Ld + ngeff - Lg +neﬁ-(Lc+Lr§ +Lr§]

which indicates the optical length from the reflective surface
37 to the retlective surface 46.

Accordingly, an optical pulse train having a repetition fre-
quency of 100 GHz 1s generated when the physical length of
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the two-electrode semiconductor laser 3 1s Ld=0.5 mm, the
length of the saturable absorber section 31 1s 0.05 mm, the
resonator length 1s Lt=15 mm, the round-trip length of the
ring resonator 43 1s Lr1=1 mm, and that of the ring resonator

44 1s .r2=0.3 mm.

Embodiment

Operation of First Exemplary

The operation of the mode-locked laser according to the
first exemplary embodiment of the present invention will be
explained below with reference to FIGS. 3 to 6.

As shown 1n FIG. 4, when an electric current 1s injected
from the constant-current source (not shown) to the gain
section 32 of the two-electrode semiconductor laser 3 via the
clectrode 52 A, bumps 52B, and electrode 32A and a reverse
vias voltage 1s applied from the constant-voltage source 51 to
the saturable absorber section 31 via the electrode S1A,
bumps 51B, and electrode 31A, the optical pulse train 10
having period T=2Lt/c (c 1s the velocity of light in a vacuum)
with respect to the resonator length Lt 1s generated.

If there 1s no ring resonator 43, a longitudinal mode range
AT of the mode-locked laser 1 1s Af=1/T, 1.e., equal to the
repetition frequency.

On the other hand, when the ring resonator 43 1s 1nstalled,
the longitudinal mode range of the mode-locked laser 1 1s
determined by the free spectral range (FSR) of the ring reso-
nator 43. Therefore, an m-fold frequency range m-Af of each
longitudinal mode 1s selected as shown 1n FIG. 3, and the
optical pulse train 10 as shown 1n FIG. 5 1s generated. The
period 1s represented by

(m-AA=T/m (3)

A pulse width At 1s determined by a half-width Ap of the
envelope amplitude of a plurality of longitudinal modes
determined by the gain. The pulse width At 1s adjusted by the
filter characteristics of the ring resonator 44 narrower than the
gain bandwidth. That 1s, as shown 1n FIG. 6, the adjustment
can be performed by using a filter bandwidth m near the gain
wavelength of the two-electrode semiconductor laser 3, e.g.,
At can be decreased by increasing Av by using a relationship
of “time-bandwidth product At-Av=constant” based on the
quantization limait.

In particular, the size of the ring resonator 44 1s smaller
than that of the ring resonator 43. Accordingly, a waveguide
using S10ON as a core and S10, as a cladding or a waveguide
having a high refractive index difference such as an Si-wire
waveguide can decrease the bending loss, when compared to
a waveguide made of silica glass or the like and having a low
refractive index difference (about 1%).

Effects of First Exemplary Embodiment

In this exemplary embodiment as described above, the
mode-locked laser includes the two-electrode semiconductor
laser 3 including the saturable absorber section 31 and gain
section 32, and the optical waveguide 4 formed outside the
gain section 32 of the two-electrode semiconductor laser. The
optical waveguide 4 includes the first ring resonator 43 having
the resonator length that 1s an mtegral multiple of the total
resonator length, the second ring resonator 44 having the
band-pass filter characteristics whose bandwidth 1s narrower
than the gain bandwidth, and the reflective surface 46 that
reflects, toward the two-electrode semiconductor laser 3, a
laser beam having arrived from the two-electrode semicon-
ductor laser 3 via the first and second ring resonators.

This makes it possible to decrease the length of the gain
section of the two-electrode semiconductor laser, and sup-
press the timing jitter and RIN. It 1s also possible to multiply
the repetition frequency of an optical pulse train by a desired
integral value by selecting the integral ratio of the length of
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the ring resonator to the total resonator length. This facilitates
adjusting the setting of a high repetition frequency. In addi-
tion, these functions can be achieved by a combination of the
two-electrode semiconductor laser and the resonator 1includ-
ing the optical waveguide formable by the known semicon-
ductor manufacturing technique. Accordingly, a small-sized,
low-cost, mode-locked laser can be provided. Especially

when using an S1ON optical waveguide or Si-wire optical
waveguide 1n which the core and cladding have a high refrac-
tive index difference, 1t 1s possible to decrease the bending
loss and further downsize the laser.

Second Exemplary Embodiment

A mode-locked laser according to the second exemplary
embodiment of the present invention will be explained below
with reference to FIG. 7.

This exemplary embodiment differs from the first exem-
plary embodiment 1n that a ring resonator 43, ring resonator
44, and core 45 of an optical waveguide 4 are respectively
equipped with adjusting electrodes 43 A, 44 A, and 45A. Note
that the rest of the arrangement 1s the same as that of the first
exemplary embodiment, and a repetitive explanation will be
omitted.

When electric currents are supplied to the adjustmg clec-
trodes 43 A, 44A, and 45A, the thermo- optlc elfect occurs 1n
portions of optlcal Wavegmdes forming the ring resonators 43
and 44, and the refractive indices change. Consequently, the
round-trip lengths of the ring resonators 43 and 44 apparently
change.

When changing an effective refractive index nell of above-
mentioned equation (1) by controlling the adjusting electrode
43A, the deviation of the multiplying function of the ring
resonator can be adjusted by an optical length neff-Lrl even i
a physical round-trip length Lrl deviates from the design
owing to the accuracy deviation of the process.

Also, when changing the effective refractive index netl of
above-mentioned equation (1) by controlling the adjusting
clectrode 44 A, the filter characteristics of the ring resonator
44 change, and a spectral width Av shown 1n FIG. 3 described
previously changes. As a consequence, a central optical ire-
quency 1, (the central wavelength) near the gain bandwidth of
the filter characteristics changes.

Furthermore, when changing the effective refractive index
nell of above-mentioned equation (1) by controlling the
adjusting electrode 45 A, a total resonator length Lt (the opti-
cal length) changes. Accordingly, even 1f the physical
waveguide length deviates from the design owing to the accu-
racy deviation of the process, the deviations of a period T and
repetition frequency Af can be adjusted by the total resonator
length Lt.

Note that an adjusting electrode like the adjusting electrode
45A may also be formed 1n a part of the optical waveguide 4,
such as a core 42 or 47, except for the ring resonators 43 and
44, and given the same function as that of the adjusting

electrode 45A.

it

Effects of Second Exemplary Embodiment

As described above, this exemplary embodiment can
readily adjust the deviation of the multiplying function of the
ring resonator 43 of the optical waveguide 4 because the ring
resonator 43 1s equipped with the adjusting electrode 43A.
Also, since the ring resonator 44 1s equipped with the adjust-
ing electrode 44A, the spectral width or central optical fre-
quency of the filter characteristics can easily be adjusted even
after the mode-locked laser 1s manufactured. Furthermore,
since the core 45 1s equipped with the adjusting electrode
45 A, 1t1s readily possible to adjust the deviations of the period
T and repetition frequency Af of an optical pulse train even
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after the mode-locked laser 1s manufactured. Accordingly, the
multiplying function of the ring resonator, the spectral width
and central optical frequency of the filter characteristics, and
the repetition frequency of an optical pulse train can be
adjusted and set within allowable ranges. This makes it pos-
sible to greatly improve the yield and cost reduction.

Third Exemplary Embodiment

A mode-locked laser according to the third exemplary
embodiment of the present invention will be explained below
with reference to FIGS. 8 to 11.

As shown 1n FIG. 8, a mode-locked laser 1B of this exem-
plary embodiment differs from the first or second exemplary
embodiment in that a ring resonator 48 (a third ring resonator)
1s formed between a ring resonator 44 and core 45, the other
input/output waveguide of the ring resonator 44 and one
input/output waveguide of the ring resonator 48 are con-
nected by a core 49, and the core 45 1s connected to the other
input/output waveguide of the ring resonator 48. Similar to
equation (1) described earlier, a round-trip length Lrl of a
ring resonator 43 and a round-trip length Lr3 of the ring
resonator 48 are represented by

nefl-Lrl=Lt/m (4)

nett-Lr3=Li/n (5)

where Lt 1s the resonator length, n 1s a positive integer, and
m=n. Note that the rest of the arrangement 1s the same as that
of the first or second exemplary embodiment, and a repetitive
explanation will be omuitted.

When m=3 and n=2 in this exemplary embodiment, for
example, a longitudinal mode range 61 of the ring resonator
43 1s three times a longitudinal mode range Af of all the
resonators of the mode-locked laser 1B as shown 1n FIG. 9,
and the longitudinal mode range of the ring resonator 48 1s
twice the longitudinal mode range Af of all the resonators as
shown 1n FIG. 10. Since the ring resonators 43 and 48 are
connected 1n series, therefore, transmitting characteristics are
obtained at only an optical frequency at which these longitu-
dinal modes are overlapped. Consequently, as shown 1n FIG.
11, 1t 1s possible to obtain optical spectral characteristics
having a longitudinal mode range M-Af obtained by multi-
plying the longitudinal mode range Af of all the resonators by
M as the least common multiple of m and n.

Effects of Third Exemplary Embodiment

As described above, an optical pulse train 10 having a
spectrum whose frequency range 1s M-Af (where M 1s the
least common multiple of m and n) can be generated by
setting each of the round-trip lengths Lr1 and Lr3 of the ring
resonators 43 and 48 to an integral multiple of the resonator
length Lt.

Accordingly, although the operation often becomes
unstable 1 the first exemplary embodiment when m
increases, the third exemplary embodiment can achieve a
highly repetitive operation multiplied by M larger than m and
n. This means that a highly repetitive operation can be
achieved by m and n smaller than M. Consequently, the pro-
cess margin of each ring resonator can be widened.

INDUSTRIAL APPLICABILITY

Application examples of the present invention are optical
communication represented by, e.g., an inter-city network
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and 1ntercontinental/intracontinental large-capacity trans-
mission, and an optical interconnection applied to, e.g., a
server/router.

The invention claimed 1s:

1. A mode-locked laser comprising a semiconductor laser
including a saturable absorber section and a gain section, and
a resonator optical waveguide formed outside the gain section
of said semiconductor laser, wherein

said resonator optical waveguide includes a first ring reso-
nator and a second ring resonator connected 1n series
with said semiconductor laser,

said first ring resonator has a resonator length which 1s an
integral fraction of a total resonator length of the mode-
locked laser, and

said second ring resonator has bandpass filter characteris-
tics whose bandwidth 1s narrower than a gain bandwidth
of said semiconductor laser.

2. A mode-locked laser according to claim 1, wherein said
resonator optical waveguide includes a reflective surface
which reflects, toward said semiconductor laser, a laser beam
having arrived from said semiconductor laser via said first
ring resonator and said second ring resonator.

3. A mode-locked laser according to claim 1, wherein said
first ring resonator and second ring resonator of said resonator
optical waveguide each comprise an optical waveguide
including a cladding layer formed on a substrate outside the
gain section, and a core layer 1n said cladding layer.

4. A mode-locked laser according to claim 3, wherein said
resonator optical waveguide comprises an adjusting electrode
which adjusts a refractive mdex of a part of said optical
waveguide forming said first ring resonator.

5. A mode-locked laser according to claim 3, wherein said
resonator optical waveguide comprises an adjusting electrode
which adjusts a refractive index of a part of said optical
waveguide forming said second ring resonator.

6. A mode-locked laser according to claim 3, wherein said
resonator optical waveguide comprises an adjusting electrode
which adjusts a refractive imndex of a part of an optical
waveguide except for said first ring resonator and said second
ring resonator.

7. A mode-locked laser according to claim 1, wherein the
saturable absorber section and gain section of said semicon-
ductor laser each comprise a semiconductor waveguide
including an active layer formed on a substrate, and elec-
trodes formed above and below said semiconductor
waveguide.

8. A mode-locked laser according to claim 1, wherein said
semiconductor laser comprises two electrodes including a
saturable absorber section and a gain section.

9. A mode-locked laser according to claim 1, wherein

said resonator optical waveguide comprises a third ring
resonator 1 addition to said first ring resonator and said
second ring resonator,

said first ring resonator has a resonator length which 1s 1/m
(m 1s a positive integer) the total resonator length, and

said third ring resonator has a resonator length which 1s 1/n
(n 1s a positive iteger and m=n) the total resonator

length.
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